Poly(vinylferrocene) (pVFc) homopolymer was synthesized by free radical polymerization, along with a series of pVFcbased copolymers containing either styrene, vinylanthracene or methylmethacrylate. This report details the electrochemical experiments conducted to examine the stability of the various pVFc based polymers, which is shown to be critically dependent on the extent of copolymerization. A trend was found that when the concentration of co-monomer was decreased, electrochemical stability was enhanced. Furthermore incorporation of a second monomer into the polymer chain produced a profound effect on the scan rate behaviour of the vinylferrocene moiety. As the concentration of co-monomer was decreased, the behaviour tended towards that of a diffusion controlled process. These results are of vital significance for the development of pVFc-based electrochemical sensors.
Introduction
The chemical modification of electrode surfaces with redox active polymers has found significant interest in both fundamental and analytical electrochemistry. One of the most common polymers to be studied is poly(vinylferrocene) (pVFc). Analytical applications of pVFc layers include the development of a novel pH sensor, 1 its deployment in biosensors for the detection of glucose, 2-4 choline, 5 organic peroxides, 6 its use as an electrocatalyst for the reduction of oxygen 7 and oxidation of sulfide, 8 and its ability to detect gold. 9 Modification of the electrode surface with the polymer has been achieved in a variety of ways, either by direct electropolymerization on to the electrode surface, 4 via electrodeposition, [10] [11] [12] [13] [14] [15] or by radio-frequency plasma polymerisation of the vinylferrocene monomer 16, 17 or finally by synthesizing the polymer and immobilizing it either abrasively 8 or by solvent evaporation. [18] [19] [20] Studies into the electrochemical behaviour of pVFc films have shown how the voltammetric response is dependant on the anion present within the solution. 8, 10, [21] [22] [23] [24] [25] [26] [27] [28] The stability of the oxidation wave upon repetitive scanning was found to be dependant on the size of the anion, with larger anions producing less stable signals. This anion sensitivity was minimized by controlling both the scan rate and potential range. Furthermore, when an oxidising potential is applied to the pVFc layer, an electron hopping mechanism is initiated. In this case the Fc closest to the three phase electrode:electrolyte:polymer boundary is first oxidized, after which the electron can hop along the polymeric chain 8 leaving the Fc unit at the three-phase boundary available to be oxidized once more, and the process would repeat. This is analogous to the Dahms-Ruff electron shuttling mechanism observed in fourth generation PAMAM dendrimers recently reported by Amatore and coworkers. 29, 30 Copolymerization of the VFc with a second monomer has widened the analytical scope with further sensors being developed. [31] [32] [33] [34] In these cases VFc was polymerized with 2-(methylthio)ethyl methacrylate, 31 2-hydroxyethyl methacrylate 32 and vinylanthracene. 33, 34 In the present study the electrochemical behaviour of pVFc and various pVFc based copolymers is investigated, in order to aid in the development of long term stable, polymeric based sensors.
Experimental

Reagents
All chemicals were supplied by Aldrich and used without further purification. All electrochemical experiments were undertaken in pH 7 phosphate buffer (disodium hydrogenphosphate, 0.025 M; potassium dihydrogenphosphate, 0.025 M).
Electrochemical apparatus
Electrochemical measurements were recorded using a PGSTAT 30 potentiostat (Ecochemie, Netherlands) with a standard three-electrode configuration. A platinum wire (1 mm diameter, Good Fellows) provided the counter electrode and a saturated calomel electrode (SCE, Radiometer, Copenhagen) acted as the reference. All potentials stated below were taken with respect to the SCE. A glassy carbon (GC) acted as the working electrode.
Synthesis of polymers
Reaction conditions for the free radical homo-and copolymerizations: the required amounts of monomer(s) (typically 500 mg) were first dissolved in toluene (5 mL) and degassed by three freeze-thaw cycles. They were then placed in constant temperature oil baths at 70˚C and the initiator, 2,2′-azobisisobutyronitrile (AIBN, 50 mg) was added. They were allowed to stir for 48 h under an inert atmosphere. After completion of the polymerizations, the toluene solutions were precipitated into rapidly stirring methanol three times in order to remove any unreacted monomer, and then dried under vacuum. After synthesis, a 1 H NMR analysis was conducted to ensure that no monomer was present in the resulting copolymer.
DSC analysis of the polymers was conducted by heating the various samples from 30 to 300˚C at a rate of 10˚C per min under a 100 ml/min air flow. A similar glass transition temperature was observed for both pVFc and p(VAc-co-VFc) at 180˚C, with onset temperatures of 127.83 and 130.95˚C respectively.
No crystallization temperatures or melting temperatures were observed implying that the (co)polymers are completely amorphous.
TGA analysis of two polymer samples was carried out by heating the samples from 30 to 500˚C at a rate of 10˚C per min under a 100 ml/min air flow. The results are summarised in Table 1 . These show that both PVFc and p(VAc40%-co-VFc60%) show two weight loss transitions, and both these transitions occur at higher temperature for p(VAc40%-co-VFc60%) than for pVFc. Furthermore, the copolymer degrades less than the homopolymer in this first transition (48.5 wt% for p(VAc40%-coVFc60%) compared to 62.2 wt% for pVFc). The temperature range over which this first transition occurs is a lot narrower for the homopolymer (14˚C for pVFc compared to 126˚C for p(VAc40%-co-VFc60%)). All this information indicates that the VAc is stabilising the pVFc in some way.
The copolymer however, loses a further 16.2 wt% in the second transition compared to just 8.6 wt% for the homopolymer, and this occurs over shorter temperature range. This is can be tentatively attributed to the degradation of the polymeric backbone.
Immobilisation onto glassy carbon electrode
The working electrode was prepared via a solvent evaporation method. The (co)polymers (1 mg/mL) were dissolved in dimethylformamide and then a known amount of the solution (20 μL) was cast onto the working electrode surface.
Results and Discussion
Figure 1A details ten repetitive cyclic voltammograms (scan rate: 1 V s -1 ) of the pVFc electrode when placed in pH 7 phosphate buffer. The oxidative sweep of the first scan shows a broad wave at +0.40 V. Upon reversal of the scan direction at +0.80 V, a single reduction wave is observed at +0.16 V. This is in agreement with studies of abrasively immobilized pVFc layers. 8 As discussed previously, 8 the broad oxidation wave can be attributed to the concomitant oxidation of the pVFc(surface) to pVFc + and insertion of anions (X -) across the surface. At higher potentials (incorporated within the broad oxidation wave) the oxidation of the bulk of the solid pVFc (pVFc(bulk)) and simultaneous intercalation of anions to form bulk pVFc + Xoccurs. Therefore, in summary, the anodic broad wave consists of two oxidation peaks, pVFc(surface) and pVFc(bulk), with the two peaks overlapping and therefore unresolved. Upon repetitive scanning, in which the solution was agitated between each scan, both the oxidative and reductive peaks were found to decay in current, consistent with previous data.
It can be noted that a 20 μL of solution (concentration of 1 μg/mL) has 20 μg of polymer. With an approximate Mw of 200 amu, this means that there are approximately 10 -7 mol of ferrocene in the cast solution. Given that the ferrocene molecule measures around 5 Å across the cyclopentadiene molecule, and that the rings are spaced by about 4 Å, the volume of the molecules are about 100 × 10 -30 m 3 or 1 × 10 -19 mm 3 . Thus 10 -7 mol of ferrocene will occupy a volume of 10 -7 × 6 × 10 23 × 10 -19 mm 3 = 6 × 10 -3 mm 3 ; with a deposition area of 19.6 mm 2 , the thickness of the film should be 0.3 μm. Examination of the oxidative part of scan 10 allows the total charged passed (Q) to be calculated. Since the scan rate is 1 V/s, Q = 0.5 × 0.9 × 7 × 10 -6 = 3 × 10 -6 C. However, 10 -7 mol of Fc can accept around 10 -7 × 96000 = 10 -2 C of charge. Therefore approximately only 0.03% of the total polymer is being oxidized. This is consistent with a thick film or large particles with a relatively small surface to volume ratio being present on the electrode surface and the electroactivity is confined to a small region around the three phase boundary. Figure 1B details the ratio of the oxidative peak current (+0.40 V) of the successive scan (Ipsx) to that of the first scan (Ips1) as a function of the number of scans. There is a clear decrease in the signal with a 50% loss recorded over ten repetitive scans. This decay can be attributed to the diffusion of anions into the bulk of the oxidised polymer, an affect which is promoted by the electron shuttling mechanism. 8 It can be envisaged that within a single oxidative sweep a certain number of Fc units will be oxidized to the ferricenium moiety, but not all of them will be reduced back due to the inserting anions "locking" the structure forming irreducible pVFc + X -type species. 8 The effect of scan rate (0.025 to 1 V s -1 ) on the voltammetric signal of the stabilised pVFc was next studied. As expected the peak currents were found to enhance with scan rate, with the increase being proportional to the square root of scan rate (regression data: Ip = 6.84 (scan rate/V s -1 ) 1/2 -0.01/μA, n = 8, R 2 = 0.99). This is in contrast to what might be expected; insoluble pVfc immobilised onto an electrode surface should be expected to behave like an adsorbed layer (with the current increasing linearly with scan rate). However, this diffusion controlled behaviour can be rationalised as follows: the oxidative process involves both electron shuttling through the ferrocene moities of the polymer chain and anion insertion into the polymer matrix. Initial oxidation occurs at the three phase (electrode:electrolye:polymer) boundary, and since the Fc is oxidized to the corresponding ferricenium ion, concommitant insertion of the anion occurs. However, due to the electron shuttling mechanism, ferricenium ions deep within the polymer can be oxidized, and therefore anions can insert/diffuse into the bulk of the polymer solid.
To corroborate this theory the electrochemical behaviour of a copolymer in which a second monomer was introduced into the polymer backbone was studied. By copolymerizing VFc with a second monomer that impedes electron transport along the polymer backbone, it can be envisaged that the length of the VFc chain, where electron shuttling occurs, will be shortened, thereby affecting this diffusion controlled behaviour and so improving the stability of the current response with repetitive scans.
Ten repetitive cyclic voltammetric responses (-0.2 to 0.8 V) of a range of copolymers containing various weight ratios of vinylanthracene (VAc) and VFc (VAc monomer feed percentages of 20, 40, 60 and 80%) were recorded. The electrochemistry of these copolymers was previously studied as potential pH 33 and sulfide detection probes 34 and it was shown from their square wave voltammetry that a correlation between the VAc to VFc peak current and the monomer feed ratios was evident.
Previously, 33,34 the full potential window was examined (-1.0 to 0.8 V) to incorporate the redox activities of both the Ac and Fc. Herein, the potential range is minimized to ensure that the Ac moiety is always in its oxidized (naturally occurring) form, thereby eliminating any possibility of its redox chemistry affecting that of the Fc wave.
The voltammetric response of all the copolymers studied gave a broad oxidation wave incorporating two peaks at +0.36 and +0.58 V, and a single reduction wave at +0.20 V. This is consistent with the data detailed previously. Figure 2 depicts the percentage decay of the oxidative peak current at +0.36 V as a function of the number of scans for all the copolymers. Although a decrease in current is still observed in all cases, it can be seen that increasing the VAc mole percent, minimizes the decay, with only a 10% decay measured for p(VFc20%-coVAc80%). To understand this enhanced stability, the effect of scan rate on the voltammetric response after the initial ten scans was examined. Figure 3A details the cyclic voltammograms of p(VFc20%-coVAc80%) when placed in pH 7 phosphate buffer at scan rates of 0.025 -1 V s -1 . This data is consistent with that shown in Fig. 1 , with two oxidative waves at +0.36 and +0.58 V and a corresponding reduction wave at +0.20 V. As expected, increasing the scan rate was found to enhance both the oxidative and reductive peak currents. Analysis of the variation of the peak current (measured at +0.36 V) as a function of scan rate was carried out via a plot of log(Ip ox /μA) against log(scan rate/V s -1 ). It should be noted here that prior to analysis, the peak currents were baseline corrected to remove the effects of the capacitive charging currents. Figure 3B details the corresponding plots for each of the synthesized copolymers. Two effects were observed by increasing the amount of VAc in the copolymer; the first was a decrease in the overall peak currents, simply due to the decrease in the amount of VFc in the copolymer. The second effect is, for copolymers with lower VAc, a curved plot is observed, but by increasing the amount of VAc, the plot tends towards linearity. This curvature in the plot as the scan rate is raised is indicative of a change in the oxidative process.
Further analysis of the data shown in Fig. 3B was carried out by fitting a linear regression (R 2 > 0.99) to each of the data sets. It should be noted that a linear regression was calculated for the curve plots to realize the following trend. The slopes of these plots provides an indication as to whether the oxidative process is diffusion controlled (log(Ip ox /μA)/log(scan rate/V s -1 ) = 0.5) or surface bound (log(Ip ox /μA)/log(scan rate/V s -1 ) = 1.0). Figure 4 depicts a plot of log(Ip ox /μA)/log(scan rate/V s -1 ) as a function of percentage of the second monomer in the copolymer. The data in Fig. 4A clearly shows that as the amount of VAc in the copolymer is increased, the oxidative process becomes less diffusion controlled, with a value of 0.50 for pVFc to 0.63 for p(VFc20%-co-VAc80%).
A second copolymer series, containing various mole ratios of styrene (Sty) and VFc (Sty monomer feed percentages of 20, 40, 60 and 80%) was synthesized and its electrochemical behaviour examined. The voltammetric response (not shown) produced two oxidative waves at +0.35 and +0.55 V and a single reduction peak at +0.17 V, consistent with the data detailed above for the pVFc and p(VFc-co-VAc). This reveals that the second monomer has little effect on the voltametric response of the Fc moiety. Once again the variation of the peak current (measured at +0.35 V) as a function of scan rate was carried out via a plot of log(Ip ox /μA) against log(scan rate/V s -1 ). The corresponding plots for each of the copolymers revealed that, by 341 ANALYTICAL SCIENCES MARCH 2008, VOL. 24 ) for all the copolymers studied.
increasing the concentration of Sty in the monomer feed, the plot changed from slightly curved to linear. This is entirely consistent with the p(VFc-co-VAc) results detailed in Fig. 3 . Analysis of these log(Ip ox /μA) against log(scan rate/V s -1 ) plots was conducted as shown above for p(VFc-co-VAc). The corresponding plot of log(Ip ox /μA)/log(scan rate/V s -1 ) as a function of the second monomer feed concentration for Sty is shown in Fig. 4B . This data is consistent with that obtained for p(VFc-co-VAc), with the oxidative process becoming less diffusion controlled as the Sty concentration is increased, with values of 0.50 for pVFc and 0.77 for p(VFc20%-co-Sty80%). A third copolymer, p(VFc40%-co-MMA60%), gave a log(Ip ox /μA)/log(scan rate/V s -1 ) value of 0.64, confirming the influence of the second monomer on the electrochemical behaviour of pVFc.
This variation in the oxidative process with increasing comonomer concentration can be rationalized as follows: at low second monomer molar ratios the copolymer resembles that of the p(VFc), therefore the electron hopping mechanism can occur, along with the anion insertion mechanism discussed above. The combination of these two events appears to make the oxidation of the Fc moieties in the polymer a diffusion controlled process, in which anions can insert and associate fully with the newly generated ferricenium ions into the entire copolymer. Upon reversal of the scan direction, the majority of the ferricenium ions are reduced back to Fc, thereby expelling the anions back into solution. Increasing the concentration of the second monomer in the copolymer will inhibit the electron hopping process, due to the presence of the monomer blocking the hopping pathway. Therefore, less of the polymer will be oxidized, however, anion insertion will still occur. This blocking effect will allow the oxidative process to become more surface confined with a far smaller quantity of the Fc moieties being oxidized. It can be predicted that increasing the scan rate above 1 V s -1 would further raise the value of log(Ip ox /μA)/log(scan rate/V s -1 ) as the diffusion rate for the anions inserting into the bulk of the polymer would start to be out run.
Verification of this behaviour was sought by examining the voltammetric response of both p(VFc80%-co-VAc20%) and p(VFc20%-co-VAc80%) at scan rate up to 40 V s -1 and plotting the corresponding graph of log(Ip ox /μA) against log(scan rate/V s -1 ), Fig. 5 . At scan rates below 1 V s -1 the data is analogous to that shown in Fig. 3 , however, at higher scan rates the slope of the graph increases. This is shown in more detail by examining the gradients obtained from lines of best fit (R 2 ≥ 0.99) placed through two regions of each plot, scan rates above and below 1 V s -1 . The corresponding values are detailed in Table 2 . This shows that as the scan rate is raised, the slope of the plot increases for both copolymers studied. Furthermore the p(VFc20%-co-VAc80%) polymer gives higher gradients over the entire range of scan rates studied. This is in direct agreement with the results shown in Fig. 4 , confirming the mechanism postulated.
Conclusion
The electrochemical behaviour of the pVFc homopolymer is consistent with a diffusion controlled process, in which electrons can hop along the Fc moieties of the polymer chain allowing full anion insertion into the polymer matrix. In contrast, the p(VFc20%-co-VAc80%) exhibits behaviour inconsistent with a diffusion controlled process, which can be attributed to the second monomer inhibiting the electron hopping mechanism. These results will have significant implications when using pVFc for sensing, as enhanced stability can be achieved by blocking the hopping process. Table 2 The gradients obtained from lines of best fit (R 2 ≥ 0.99) when placed through two regions of each plot, scan rates above and below 1 V s -1 for both for p(VFc20%-co-VAc80%) and p(VFc80%-co-VAc20%) Less than 1 V s -1 0.62 0.52 Greater than 1 V s -1 0.74 0.64
Copolymer p(VFc20%-co-VAc80%) p(VFc80%-co-VAc20%) ) for p(VFc20%-co-VAc80%) and p(VFc80%-co-VAc20%) for scan rates up to 40 V s -1 .
